The foundation of bacterial cell cycle studies has long resided in two interconnected dogmas between 18 biomass growth, DNA replication, and cell division during exponential growth: the SMK growth law 19 that relates cell mass (a measure of cell size) to growth rate 1 , and Donachie's hypothesis of a growth-20 rate-independent initiation mass 2 . These dogmas have spurred many efforts to understand their 21 molecular bases and physiological consequences 3-12 . Most of these studies focused on fast-growing 22 cells, with doubling times shorter than 60 min. Here, we systematically studied the cell cycle of E. coli 23 for a broad range of doubling times (24 min to over 10 hr), with particular attention on steady-state 24 growth. Surprisingly, we observed that neither dogma held across the range of growth rates examined. 25
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In their stead, a new linear relation unifying the slow-and fast-growth regimes was revealed between 26 the cell mass and the number of cell divisions it takes to replicate and segregate a newly initiated pair 27 of replication origins. This and other findings in this study suggest a single-cell division model, which 28 not only reproduces the bulk relations observed but also recapitulates the adder phenomenon 29 established recently for stochastically dividing cells [13] [14] [15] . These results allowed us to develop 30 quantitative insight into the bacterial cell cycle, providing a firm new foundation for the study of 31 bacterial growth physiology. 32 A fundamental notion in the quantitative study of bacterial physiology is steady state growth 16, 17 , where 33
the rate of total cell mass growth ( " ) is identical to the rate of cell number growth ( # ). To cover both 34 the slow-and fast-growth regimes, we cultured E. coli K12 MG1655 cells in 32 different growth media 35 with corresponding growth rates ranging from 0.06 to 1.7 h -1 (doubling times ranging from ~700 min to 36 24 min; see Extended Data Table 1 ). Special care was taken to ensure that all experimental cultures in 37
this study lie on the steady-state line " = # , hereafter designated as ; see Extended Data Fig. 1 . 38
The SMK growth law 1 , long-accepted in the fast-growth regime, states that the population-averaged 39 cellular mass ( ) scales exponentially with growth rate, ~ )* , with a constant parameter ≈ 1 ℎ. 40
We examined several measures of , including dry weight, optical density (OD), and cell size (by flow 41 cytometry and microscopic imaging) (Supplementary Methods). For each measure, we found the SMK 42 law to break down for growth rates below 0.7 h -1 ( Fig. 1a-d) . Our OD data appear in good agreement 43 with that obtained by Schaechter et al. 1 (green squares in Fig. 1e ) for the mostly fast growth rates they 44
analyzed, even though they studied a Salmonella strain. We also extracted cell size data from recent 45 studies by Si et al. 3 and Gray et al. 18 , and found their data to be consistent with ours (blue and red symbols, 46 Fig. 1f) . Aside from the average cell size, even the size distributions appear to be indistinguishable for a 47 variety of growth media 18 (Extended Data Fig. 2a ). Given the equivalence of different measures of cell 48 mass (Extended Data Fig. 2b-d) , OD 600 ⋅ml per cell shall be used as the measure of throughout the 49 rest of this study for convenience. 50
We wondered if the breakdown of the SMK law in the slow-growth regime was due to the growth rate 51 dependence of the parameter . It was suggested by Donachie 2 that = + , where + is the 52 "replication-segregation time", i.e., the time elapsed between the initiation of a round of DNA replication 53 to the cell division at which the corresponding sister chromosomes segregate 19 . This leads to the 54 expectation that ~ ) 345 (referred to here as "Donachie's cell-mass relation"), which was recently 55 tested under various perturbations 3, 4 . Since ) 345 is well-established to be the population-averaged 56 number of DNA replication origins per cell ( ) 20 , we measured as previously described 4,21 57
(Supplementary Methods) across the spectrum of tested growth conditions. An exponential relation 58 between and is seen throughout the range of growth rates ( Fig. 2a) , i.e., 59 o = ) 345 = 849: , 1 60
with the best-fit parameters α = 0.28 and β = 0.99 h , and E > 0.97 . Eq. (1) also leads to a 61
Michaelis-Menten-like formula for the rate of replication-segregation process, 62
For fast growth rates where λ is much larger than / ≈ 0.28/ℎ, this is consistent with the wide-63 spread notion that + stays roughly constant for fast growing cells 19 in particular obtained data far into the slow-growth regime. When compared to these published data, 66
Eq. 1 provides a good fit in all cases (Extended Data Fig. 3) , indicating that this simple relationship has 67
lain undetected in such data for a considerable amount of time. 68
Given the validity of Eq. 1 across the growth-rate range, Donachie's cell-mass relation would lead to 71 ~8 49: , preserving the SMK growth law. However, the SMK growth law breaks down in the slow-72 growth regime ( Fig. 1) ; we thus expect Donachie's cell-mass relation to also break down. Indeed, the 73 relation between and ) 345 (represented by ) is not linear (Fig. 2b) . A linear relation certainly 74
can be fitted to the data in the fast-growth regime (dashed line in Fig. 2b) . The nonzero intercept, 75 however, indicates that Donachie's cell-mass relation does not hold even in the fast-growth regime 76
where the SMK law holds. 77
This led us to directly examine Donachie's hypothesis on the growth-rate-independent initiation mass 2 , 78 L ≡ / • 2 25 , which is supported by multiple recent reports 3,5,26 and is canonically accepted in 79 numerous modeling studies 3,27 , although challenged in some early studies 7, 8, [28] [29] [30] . Our data ( Fig. 3a ) 80
clearly shows that the initiation mass is not constant, rather exhibiting a non-monotonic relation over 81 growth rates with a peak around ≈ 0.7/ℎ (doubling time of 1 hr). Our data are mostly consistent with 82 those from recent studies, although the sparsity and variability of those data gave the appearance of a 83 constant initiation mass: Wallden et al. 26 directly measured the single cell initiation volume in three 84 different growth conditions and found it to be constant. However, we note that the conditions tested in 85
their study were at different temperature ( Fig. 3b) , which is known to affect growth rate but has little 86 effect on cell mass 1 , making it difficult to compare to our results obtained at 37 °C. Si et al. 3 used the 87 combination of microscopic imaging and run-out experiments to quantify the initiation volume. They 88
reported the constancy of initiation mass for different growth rates under various perturbations. Their 89 data however shows considerable variability (green diamonds, Fig. 3c ) and cannot rule out the tight trend 90
suggested by our data (grey circles). 91
At the molecular level, we note that DnaA is centrally involved in the initiation of DNA replication in E. 92
coli. Its expression level was found to correlate negatively with the initiation mass in a titratable strain 6 . 93
Using quantitative proteomics (Supplementary Methods), we found that the DnaA protein 94 concentration negatively correlated with the initiation mass in wild type cells (Extended Data Fig. 4) , and 95 their growth-rate dependences were mirror images of each other (compare Fig. 3d, 3a) . This anti-96 correlation does not necessarily imply causation but could be the result of an underlying mechanism that 97 controls both. 98
The breakdown of the two longstanding dogmas might suggest different mechanisms governing cell mass 99
in the slow-and fast-growth regimes. Nevertheless, directly plotting the data in Fig. 2b against λ + 100 revealed a crisp, linear relation ( E > 0.97) across the entire growth-rate range examined ( Fig. 4a) , 101
with the best-fit slope Q = 1.00 ± 0.013 OD 600 ⋅ml/10 9 cells or 0.545 ± 0.015 pg DW/cell (Extended 103
Data Fig. 2b ). This simple relation suggests the existence of a unifying mechanism governing cell cycle 104 progression in both slow-and fast-growth conditions. The population-averaged cellular mass is 105
proportional to λ + , which is a measure of the number of generations elapsed during the period 106 of + 31 . 107
Eqs. 1 and 3 yield a growth-rate-dependent initiation mass, 108
This relation peaks at α + βλ = + = 1 (doubling time ~55 min) and captures well the non-110 monotonic behavior of our experimental data (solid line in Fig. 3a) . 111
The newly established cell-mass relation, Eq. 3, can be used to infer possible rules underlying cell division 112
in different growth conditions. Solving for the growth rate in Eq. 3 and using the exponential increase 113 in cell number, ∝ )\ , we have 5 123
In a simple stochastic realization in which is subjected to an accumulation noise and cell division 124 occurs when reaches a growth-rate independent threshold 32,33 , the observed distribution of 125 division mass is obtained (Extended Data Fig. 6d-f) . Simulations using this model, with the λ-dependent 126 form of 1/( + ) (Eq. 2), show that cells reach the same average steady-state mass regardless of the 127 initial mass (Fig. 4b) . Further, the population-averaged steady-state cellular mass is Q + across 128
growth rates, so that Eq. 3 is reproduced (Fig. 4c) . This integral-threshold cell division model also 129
reproduces the "adder" behavior 13-15 , wherein the added mass during one cell cycle is independent of 130 birth mass, while the inter-division time decreases and the division mass increases with increasing birth 131 mass, respectively ( Fig. 4d) . 132
The distinct structure of this integral-threshold model suggests an underlying mechanistic basis 133
(Extended Data Fig. 7) . In brief, the quantity can be interpreted as a product of an accumulation 134 process that licenses cell division upon reaching a threshold; this licensing product could be the 135 divisome 34, 35 , the septum 35, 36 , and/or the proposed Progress Control Complex 9 , all of which are 136 constructed prior to cell division (Extended Data Fig. 7a ).
] 345 " \ "` can then be interpreted as the 137 synthesis flux, provided by one or a collection of proteins, whose abundances are proportional to cell 138 mass independent of the growth rate (see Extended Data Fig. 7b for some candidates suggested from 139 proteomics), and whose specific rates are proportional to 1/( + ). We further determined the C-140 period using a deep sequencing version of standard methods 4,20 (Extended Data Fig. 8, Supplementary  141 Methods), and found ≈ E f + (Extended Data Fig. 7c ), which implies that ≈ ] f + . The 142 synthesis rate of could thus reflect the dynamics of chromosome replication, segregation, cell division, 143
or their combinations. Despite the success of the integral-threshold model in describing cell mass in 144 steady state, we note that it does not fully capture the 'rate maintenance' phenomenon 37 when applied 145 naively to growth transitions (Extended Data Fig. 9 , Supplementary Models 6). As 'rate maintenance' 146
has been used to support the link between chromosome replication and cell division 38 , a more complete 147
model is necessary to take into account the direct influence of chromosome events on cell division 10, 11 . 148
In this study, our experimental results from steady-state batch culture clearly demonstrated that the two 149 long-standing dogmas, SMK growth law and Donachie's constant-initiation-mass hypothesis, do not hold. 150
Instead, we revealed a new linear relation between cell mass and the replication-segregation cycle, 151
( + ), covering both the slow-and fast-growth regimes in a unified manner. Disproving Donachie's 152 hypothesis has strong repercussions for existing cell-cycle models, many of which take the constant 153 initiation mass as a central assumption 3, 27, 39, 40 . Of the few models not relying on this hypothesis 32,33,41 , 154 our model is the closest to that of Si et al 33 . which however does not capture the growth-rate dependence 155 of cell mass (Supplementary Models 5) . The integral-threshold model is the only model which 156
reproduces key features of cell division at both the population and single cell levels, while also exhibiting 157
the 'adder phenomenon' across growth rates. Altogether, the newly discovered quantitative relation and 158 its associated model lay down a new basis for understanding bacterial cell cycle control. 159
MATERIALS AND METHODS 160
Details of bacterial strains and culture conditions and methods are given in Supplementary Methods, 161 and the mathematical models are in Supplementary Models. 162
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Data Table 1 ) after inoculation from seed culture, overnight cultured cells were inoculated into pre-361
warmed medium with starting OD 600 at 0.02, then grown without further dilution. The OD 600 , cell number, 362
and population-averaged cellular origin number were characterized at different time points 363 (Supplementary Methods) . We found that the total cell mass growth (a) quickly entered exponential 364 phase (the grey area, from 30 to 140 minutes), but cell number growth (b) showed a considerable lag. As 365 a result, the average cellular mass (c) and origin number (d) varied throughout the exponential growth 366 phase, which clearly indicated that the cells were not in true steady state. By employing serial dilutions 367 (see Supplementary Methods) , we found that cells grown for more than 10 mass doublings after 368 inoculation from seed-culture were safely in steady state. This was a key step in ensuring the validity of 369
the findings presented in this study. Following this protocol, we show in (e) that experimental cultures in 370 14 representative growth media covering the entire range of growth rates examined in this study lie on 371 the steady state line " = # . Representative growth curves in the steady state are shown in (f): After 372 10 mass doublings after inoculation from seed-culture, OD 600 and the cell number concentration are 373 plotted versus time, taking the dilution ratio into account to plot the "sawtooth" behavior as a single 374 smooth curve. The cell number (red lines) and cell mass (blue lines) growth curves formed two parallel 375 lines in semi-log plots, indicating the steady-state growth had been achieved. 376 (forward scatter) (c), and cell volume (d) plotted against the OD 600 ⋅ml per 10 9 cells. All three measures 383 are linearly correlated with the OD 600 ⋅ml per 10 9 cells. The cell volume is expected to be a precise 384
quantitative measure of cell size. However, data sets from different published studies 3, 14, 18, 32 show ~ two-385
fold difference for the same strain or closely related stains under similar growth conditions, possibly due 386 to the difficulty in quantifying the actual cell diameter based on microscopic images. Given the variability 387 in the measured FSC or cell volume, and the convenience and robustness in quantifying the cell number 388 concentration and OD 600 , we used the OD 600 ⋅ml per 10 9 cells as the population-averaged cellular mass 389 ( ) for the rest of the current study. We also measured the combined mass of RNA and protein per cell 390 (e). Together, RNA and protein account for roughly 80% of total dry mass in all conditions. Plotted against 391
growth rate (f), the combined mass of RNA and protein closely resemble the trends exhibited by other 392 measures in Fig. 1a-d . data in this study and those extracted from contrast is a single two-parameter formula that describes the relationship between + and λ 408 across a wide variety of growth media, in multiple independent population-level datasets. condition requires the concentration of proteins(s) synthesizing , / , to be growth-rate independent. 440
We analyzed the quantitative proteomics results across growth rates (Supplementary Methods) and 441
found that the concentrations of hypothetical proteins involving in PCC formation (ZapA and FtsK) 9 and 442 the representative protein for septum formation (FtsZ) 34, 35 were relatively independent of the growth 443 rate (coefficient of variation less than 10 %), while in comparison, a ribosomal protein RpsA increased 444 linearly with growth rate (b). The specific rate ∝ 1/( + ) is a composite rate involving the serial 445 events of chromosome replication, segregation, and cell division. We measured the -period using a 446 deep sequencing version of standard methods (Supplementary Methods) . For a subset of 16 media that 447 spanned growth rates from 0.4 h -1 to 1.7 h -1 , the C-period remained roughly constant for fast growing 448 cells while increasing significantly for slow growing cells. A simplifying relationship is revealed in (c), 449
showing that (interpreted from the deep sequencing data, Supplementary Methods) , and hence 450
, is linearly related to ( + ) (interpreted from , Supplementary Methods) . Thus, could also 451 be proportional to 1/ or 1/ . 452 chromosomal location ( v ). To characterize the C period, the genome was binned into over 900 457 fragments of size 5,000bp. The relative chromosomal location for each fragment ( v ) is defined by its 458
relative location between oriC ( v = 0) and terC ( v = ±1). b, Dependence of relative gene copy 459 number ( # ) on chromosome location for cells grown in M1 (Extended Data shift-up. A nutrition shift-up experiment was performed with a shift from growth medium M25 to M6 at 471 time 0. Shown are the time course of OD 600 (blue circles) and cell number (red circles). In the simulation, 472
the total cell mass growth rate dynamics was described by a "ramp" fit to the transition in empirical mass 473 growth rates. The cell number growth curve exhibited a pronounced shift relative to the mass growth 474 curve, with a scale set by + , reminiscent of the rate-maintenance phenomenon. 
